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Abstract 
The scanning mid-IR-laser microscopy was previously demonstrated as an effective tool for 
characterization of different semiconductor crystals. Now the technique has been successfully 
applied for the investigation of CZ SixGe1-x — a promising material for photovoltaics — and 
multicrystalline silicon for solar cells. In addition, this technique was shown to be appropriate 
for imaging of polishing-induced defects as well as such huge defects as “pin holes”. Besides, 
previously unexplained “anomalous” (cubic power) dependence of signal of the scanning 
mid-IR-laser microscope in the optical-beam-induced light scattering mode on the photoexci-
tation power obtained for mechanically polished samples has now been attributed to the ex-
cess carrier scattering on charged linear defects, likely dislocation lines. The conclusion is 
made in the article that the scanning mid-IR-laser microscopy may serve as very effective tool 
for defect investigations in materials for modern photovoltaics. 
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 The scanning mid-IR-laser microscopy was previously demonstrated as an effective 
tool for characterization of different semiconductor crystals. 1–4 Now it is introduced as a tool 
for characterization of materials for modern photovoltaics. 
 1. The instrument brief description. 
 A pictorial diagram of the scanning mid-IR-laser microscope is given in Fig. 1. Pres-
ently, the instrument operates in two main modes: a mode of the scanning low-angle mid-IR 
light scattering (SLALS) — the basic regime of its operation — which is sensitive to aggrega-
tions of ionized point defects (or free carrier accumulations) and any inhomogeneities in the 
distribution of free carriers (some restrictions are imposed on the accumulation or inhomoge-
neity characteristic sizes and its profile function,3 however) and a mode of the optical beam 
induced light scattering (OLALS) — a direct optical analog of the electron-beam-induced cur-
rent (EBIC) or optical-beam-induced current (OBIC) methods — which reveals recombination 
active defects and enables carrier lifetime mapping. Both modes are the dark-field ones. Be-
sides, analogous regimes of the microscope operation are available in the bright field (mid-IR 
light absorption) sub-mode.ii (A relatively detailed description of the technique as well as the 
method of the low-angle mid-IR-light scattering, on the basis of which the scanning mid-IR-
laser microscopy was developed, illustrated with main results and containing rather complete 
citation is given in Ref. 3. In addition, a detailed description of the low-angle mid-IR-light 
scattering technique with many results and references can be found in a large but rather old 
article cited in Ref. 5.) 
 At present, low-temperature SLALS and OLALS facilities which would enable the 
defect composition analysis3 as well as the magneto-optical SLALS are under the develop-
                                                          
ii Mention that all the results given in the current article were obtained using CO2-laser as a 
probe radiation source (λ=10.6 μm).  
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ment. The defect profile option and quantitative carrier lifetime and concentration mapping 
will also be available soon. 
 2. Defect images and experimental dependences. 
 2.1. Defects in CZ Si1-xGex. 
 SLALS and OLALS micrographs of the samples of single-crystalline CZ Si1-xGex al-
loy with Ge content from 2.2 to 4.7 at. % are presented in Fig. 2. Two areas were revealed in 
the X-ray topographs of these crystals: the area free of striation and dislocations around the 
wafer centers (area I) and the area containing striation and dislocations in the periphery of the 
wafers (area II). 4 SLALS pictures shows the striation in the area II and no striation in the area 
I. OLALS pictures demonstrate that no or low (Fig. 2 (h)) recombination contrast is usually 
caused with the grown-in striations in the crystal bulk, although a high contrast was revealed 
in Fig. 2 (l). The second type of defects manifested as dark stripes in the OLALS micrographs 
(Fig. 2 (b),(l)) can likely be identified as dislocations and dislocation walls which are regis-
tered in X-ray patterns of the area II and revealed by etching. The last type of defects ob-
served are those seen as black spots in the OLALS patterns (Fig. 2 (b),(d),(f),(h),(j)). They 
were present in both areas and appeared to have a non-dislocation origin: some non-
dislocation defects found in both areas by the selective etching may be similar to the defects 
revealed by OLALS. The latter defects seem to be the main lifetime (and cell efficiency) kill-
ing extended defects in the studied material. 
 2.2. Visualization of grain boundaries in multicrystalline Si. 
 Fig. 3 shows the recombination contrast images of grain boundaries in two samples of 
multicrystalline silicon for solar cells (the optical-beam-induced absorption sub-mode). It is 
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clear that scanning mid-IR-laser microscopy can be effectively used for the investigation and 
testing of the efficiency of grain boundary passivation in this material. 
 2.3. Visualization of polishing-induced defects in single crystalline Si. 
 Fig. 4 demonstrates the OLALS images of areas on single-crystalline CZ Si wafers 
subjected to different processing procedures. In all the pictures, the recombination-active de-
fects (dark regions) are clearly seen. A chaotic pattern of defects in the wafer subsurface re-
gion which arise after the mechanical polishing (Fig. 4 (a)) transforms in the stripe-like one 
due to the mechano-chemical polishing (Fig. 4 (b)). The latter defects seem to be the traces of 
underpolished scratches (remark that scratches have been revealed on this wafer neither by 
visual inspection using optical microscope nor by inspection using electron microscope). 
Moreover, these defects supposingly give rise to some defective areas revealed in the subin-
terface region of the wafers subjected to the oxidation procedure (Fig. 4 (c)).  
 The above example gives an evidence that the scanning mid-IR-laser microscopy can 
serve as an efficient tool for testing the wafer treatment quality. 
 2.4. “Anomalous” dependence of the microscope signal on the 
photoexcitation power in the optical-beam-induced scattering mode obtained 
for mechanically polished Si samples. 
 The dependences of the detector signal on the photoexcitation power were reported in 
Ref. 2 (see Fig. 5) for both optical-beam-induced scattering and absorption sub-modes of the 
scanning mid-IR-laser microscope for mechanically and mechano-chemically polished sides 
of the same single-crystalline silicon wafer. Usual for linear recombination second-power 
law3,5 was found in the optical-beam-induced scattering sub-mode for mechano-chemically 
polished side. In the induced absorption sub-mode, a linear law was obtained for both wafer 
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sides which is also in agreement with the theoretical prediction. Only for the mechanically 
polished side an “anomalous” cubic dependence was registered in the induced light-scattering 
sub-mode which has not been explained thus far.iii Now the explanation has been found. 
 Let us suppose that charged linear defects (dislocation lines) play the main role in the 
excess carrier scattering process and the defect density Nm (per unit area) in the investigated 
subsurface layer damaged with the mechanical polishing is so high that ω τ<<1 . Following 
Ref. 6 it can be obtained for charged linear defects that 
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In Eq. (1)–(3), τ is the momentume relaxation time, n is the free carrier concentration; εL is 
the lattice dielectric constant; q is charge per defect unit length; m* is the carrier effective 
mass; ω is the probe light cyclic frequency; the rest designations are used in their commonly 
known meaning. The equations are given in SI units. 
 For the light scattering [ ]sig scI I~ ~ ~ Im2 2δε ε .3,5 
 Hence it can be concluded from Eq. (1)–(3) assuming the linear recombination that 
 sig exI n W~ ~3
3
 .         (4) 
 Thus, the discussed “anomalous” dependences of the light scattering intensity (detec-
tor signal) on the photoexcitation power obtained for the mechanically polished wafers (as 
                                                          
iii Remark, that the same cubic law was previously obtained for mechanically polished Ge 
sample by the low-angle mid-IR-light scattering technique with the surface photoexcitation.3 
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well as the cubic law previously obtained for Ge) can be satisfactorily explained supposing 
that the subsurface layer in such wafers contains a great number of dislocations which domi-
nate in the process of the free carrier scattering. 
 2.5. Superlarge defects in CZ Si:B. 
 Fig. 6 demonstrates the images of superlarge defects previously observed in CZ Si:B 
by means of EBIC and the law-angle mid-IR-light scattering technique (see Ref. 7). These 
defects are met very rare in the industrial Si wafers, nevertheless they can be found some-
times. It is clear that such huge and active defects may destructively affect the efficiency of 
solar cells. We suppose now taking in the account the size, shape and “strength” of these de-
fects that they are so-called “pin holes” known in the single-crystalline silicon technology. 
 3. Conclusion. 
 Summarizing the above we can conclude that the technique of the scanning mid-IR-
laser microscopy can be considered as a convenient, easy to use but very effective tool for 
materials studies in the branch of photovoltaics. We have illustrated the technique with only a 
few examples of results obtained by means of it. It can be used, however, for solving a great 
number of physical and technological problems. Evidently, it could be successfully used for 
solving the problems of wafer surface pollution, washing, etc., and the effect of them on the 
surface recombination velocity, like it was done in Ref. 8 by means of a technique which was 
a very close analog of the induced absorption sub-mode of the presently described instrument. 
In addition, the problems related to the precipitated and interstitial oxygen distribution in sili-
con might be solved by means of the described technique, practically like it was done in 
Ref. 9. The advantage of application of the scanning mid-IR-laser microscopy to solving such 
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class of problems is its higher sensitivity due to the dark field compared to the IR-light ab-
sorption-based methods. 
 An additional undoubted merit of the method of the mid-IR-laser microscopy is that it 
is relatively inexpensive that is important for the industrial practice. 
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FIGURE CAPTIONS 
Fig. 1. An optical diagram of the scanning mid-IR-laser microscope: (1) the probe IR-laser 
beam (routinely, CO or CO2-laser), (2) the studied sample (can be placed in a cryostat or a 
furnace) in the front focal plane of the lens L1, (3) an aperture with a diameter D1 in the plane 
of the lens L1, (4) the lens L1, (5) an opaque screen or a mirror with a radius b1 in the back 
focal plane of the lens L1, (6) a diaphragm with a radius b0 in the back focal plane of the lens 
L1, (7) an aperture with a diameter D2 in the plane of the lens L2, (8) the lens L2, (9) the scat-
tered wave, (10) an IR photodetector in the back focal plane of the lens L2, (11) an exciting 
laser beam (used in the OLALS—recombination contrast—mode). 
Fig. 2. Couples of SLALS (a),(c),(e),(g),(i),(k) and OLALS (b),(d),(f),(h),(j),(l) micrographs 
of the same regions of Si1-xGex wafers (1×1 mm); (a)–(d): p-type CZ Si (100), 4 at. % of Ge; 
(e)–(h): p-type CZ Si (111), 4.7 at. % of Ge; (i)–(l): n-type CZ Si (111), 2.2 at. % of Ge; 
(e),(f),(i),(j) are close to the wafer centers, the rest are far from the centers. 
Fig. 3. Micrographs of multicrystalline silicon for solar cells (the optical-beam-induced ab-
sorption submode, 4×4 mm). The darker the image the shorter the lifetime is. Grain bounda-
ries are clearly seen in the images. 
Fig. 4. OLALS micrographs of Si wafers (2×2 mm); (a): mechanical polishing; (b): mechano-
chemical polishing (likely underpolished wafer); (c): under SiO2 layer (1200 Å thick); 
polishing-induced defects are seen in all the pictures as black areas. 
 
Fig. 5. OLALS: dependence of the detector signal on the photoexcitation power for mechani-
cally (1),(3) and mechano-chemically (2),(4) polished sides of the same CZ Si:B wafer; 
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(1),(2): optical-beam-induced light scattering (dark field) submode; (3),(4): optical-beam-
induced absorption submode; (1): sig exI W~ 3 ; (2): sig exI W~ 2 ; (3),(4): sig exI W~ . 
Fig. 6. Superlarge defects in CZ Si:B: couple of SLALS (a) and OLALS (b) micrographs of 
the same region of CZ Si:B wafer (1×1 mm) and EBIC micrograph of analogous defects in a 
different wafer of the same material (c). 
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